
I. IN T R O D U C T IO N

A . P R O B L E M O V E R V IE W

T h e in creasin g d em an d s of u sin g su b m ersib le veh icles for m ore com p lex an d

d em an d in g m ission s, force u s to u se a variety of m eth o d s, m ath em atical m o d -

els, an d assu m p tion s for th e stu d y of th eir d y n am ic in teraction s an d resp on ses.

T h is stu d y is im p ortan t in ord er to en h an ce veh icle op eration s. T y p ically, lin -

earization of th e eq u ation s of m otion arou n d n om in al straigh t lin e level ° igh t

p ath s alon g w ith eigen valu e an aly sis can b e em p loyed (A ren tzen an d M an d el,

1960), (C lay ton an d B ish op , 1982), (F eld m an ,1987). A sim p le b u t e± cien t

stab ility criterion G v > 0 can b e ob tain ed w h ere th e stab ility in d ex G isv

fu n ction of th e h y d ro d y n am ic co e± cien ts in h eave an d p itch . V alu es for th e

stab ility in d ex can b e com p u ted b y,

M (Z + m )w q
G = 1 ¡ : (1)v

Z Mw q

T h is in d ex is an alogou s to th e fam iliar stab ility co e± cien t for h orizon tal p lan e

m an eu verin g an d can b e th ou gh t of as a h igh sp eed ap p rox im ation w h ere th e

e® ect of th e m etacen tric restorin g m om en t is m in im al (P ap ad im itriou ,1994).

If th e valu e of G is greater th an zero, th e veh icle is d y n am ically stab le. A s itv

h as b een estab lish ed in p rev iou s stu d ies (P ap ou lias an d P ap ad im itriou , 1995)

th ou gh , th is is on ly a su ± cien t, an d rath er con servative con d ition for stab ility.

N everth eless, it is w id ely u sed an d its valu e is in d icative of vertical p lan e sta-

b ility for an y n ew d esign . W e sh ou ld keep in m in d , h ow ever, th at th e con d ition
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G < 0 in d icates a d ivergen t loss of stab ility w h ich is q u ite u n com m on in th ev

vertical p lan e. M ost m o d ern su b m arin es ex h ib it a ° u tter{like in stab ility at

h igh sp eed , w h ich can n ot b e an aly zed u sin g th e ab ove sim p lī ed in d ex . D i-

vergen t m otion s m ay d evelop in com b in ed six d egrees of freed om (P ap ou lias et

al, 1993) an d th eir o ccu rren ce can n ot b e an aly zed b y a sin gle stab ility in d ex .

P rev iou s w ork (P ap ad im itriou , 1994) w as lim ited to a sin gle b o d y w ith ¯ x ed

h y d ro d y n am ic co e± cien ts. In th is w ork , w e ex p an d b y allow in g th e geom etry

of th e b o d y an d th u s its h y d ro d y n am ic p rop erties to vary.

B . T H E S IS O U T L IN E

P rev iou s w ork (P ap ou lias an d P ap ad im itriou , 1995) an aly zed th e p rob lem

of stab ility of m otion w ith con trols ¯ x ed in th e vertical p lan e, w ith p artic-

u lar em p h asis on th e m ech an ism of loss of stab ility of straigh t lin e m otion .

T h e closed lo op con trol p rob lem w as an aly zed in (P ap ou lias et al, 1995). T h e

su rge eq u ation w as d ecou p led from h eave/p itch th rou gh a p ertu rb ation series

ap p roach (B en d er an d O rszag, 1978). A s w as estab lish ed in (P ap ad im itriou ,

1994) loss of stab ility o ccu rs in th e form of gen eric b ifu rcation s to p erio d ic

solu tion s (G u cken h eim er an d H olm es, 1983). T ay lor ex p an sion s an d cen ter

m an ifold ap p rox im ation s w ere em p loyed in ord er to isolate th e m ain n on lin ear

term s th at in ° u en ce sy stem resp on se after th e in itial loss of stab ility (H assard

an d W an , 1978). In tegral averagin g w as p erform ed in ord er to com b in e th e

n on lin ear term s in to a d esign stab ility co e± cien t (C h ow an d M allet{P aret,
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1977). S om e d i± cu lties asso ciated w ith th e n on sm o oth n ess of th e ab solu te

valu e n on lin earities w as d ealt w ith b y em p loy in g th e con cep t of gen eralized

grad ien t (C larke, 1983). T h is w as em p loyed as an altern ative to th e lin -

ear/cu b ic ap p rox im ation ty p ically u sed in sh ip roll m otion stu d ies (D alzell,

1978). T h e sam e m eth o d ology is ap p lied in th is w ork in ord er to an aly ze th e

sen sitiv ity of th e resu lts w ith resp ect to geom etric ch aracteristics of th e b o d y.

V eh icle m o d elin g in th is w ork follow s stan d ard n otation (G ertler an d H a-

gen , 1976), (S m ith et al, 1978), an d n u m erical resu lts are p resen ted for a fam ily

of b o d ies of revolu tion sim ilar to th e D A R P A S U B O F F m o d el (R o d d y, 1990)

for w h ich a set of h y d ro d y n am ic co e± cien ts an d geom etric p rop erties is avail-

ab le. T h is p aram etric stu d y is con d u cted u tilizin g ex istin g sem i{em p irical

m eth o d s for th e calcu lation of h y d ro d y n am ic co e± cien ts. T h e m eth o d s are

b ased on (F id ler an d S m ith , 1978), (H u m p h rey s an d W atk in son , 1978), (P e-

terson , 1980) an d h ave b een verī ed in (W olkerstorfer, 1995). T h e e® ects of

vary in g th e n ose, b ase, an d tail fraction s of th e b o d y as w ell its n on d im en -

sion al volu m e to len gth ratio on th e h y d ro d y n am ic d erivatives w ere stu d ied in

(H olm es, 1995) w h ere p red iction eq u ation s w ere d erived b ased on cu rve ¯ ttin g

of th e resu lts. T h ese h y d ro d y n am ic p red iction eq u ation s are n orm alized b y

tak in g th e S U B O F F m o d el as a b aselin e. T h is m o d el h as b een ex p erim en tally

valid ated for an gles of attack on th e h u ll b etw een § 15 d eg., w h ile th e con stan t

co e± cien t ap p rox im ation in tro d u ces very little error in tim e d om ain sim u la-

tion s (T in ker, 1978). U n less oth erw ise m en tion ed , all resu lts in th is w ork are

p resen ted in stan d ard d im en sion less form w ith resp ect to th e veh icle len gth
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L = 4 :26 m , an d n om in al forw ard sp eed U = 2 :44 m /sec (P ap ad im itriou ,

1994).
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II. P R O B L E M F O R M U L A T IO N

A . E Q U A T IO N S O F M O T IO N

In ord er to ob tain th e m ath em atical m o d el th e follow in g assu m p tion s, re-

striction s, an d d e¯ n ition s h ave to b e m ad e:

1. T h e su b m ersib le veh icle m otion is restricted in th e vertical p lan e, th u s

th e m o d el con sists of cou p led n on lin ear h eave an d p itch eq u ation s.

2. T h e co ord in ate fram e is ¯ x ed at th e veh icle's geom etrical cen ter.

3. V eh icle is p ort/starb oard sy m m etric an d n eu trally b u oyan t.

4. U se N ew ton 's eq u ation s of m otion in d im en sion less form .

T h e n on lin ear h eave an d p itch eq u ation s b ecom e:

2m ( _w ¡ u q ¡ z q ¡ x _q) = Z _q + Z _w + Z q + Z wG G _q _w q wZ n o se

¡ C b(x )(w ¡ x q)jw ¡ x qjd x ; (2)D

ta il

I _q + m z ( _u + w q) ¡ m x ( _w ¡ u q) = M _q + M _w + M q + M wy G G _q _w q wZ n o se

+ C b(x )(w ¡ x q)jw ¡ x qjx d xD

ta il

¡ x W cos µ ¡ z W sin µ ; (3)G B G B

w h ere x = x ¡ x , z = z ¡ z , an d th e rest of th e sy m b ols are b asedG B G B G B G B

on stan d ard n otation as sh ow n in T ab le 1. W ith ou t loss of gen erality w e can

assu m e th at z = x = 0, so th at x = x an d z = z . T h e cross ° owB B G B G G B G

5



in tegral term s in th ese eq u ation s b ecom e very im p ortan t for h igh an gles of

attack m an eu verin g, w h ere th ey p rov id e th e p rim ary m otion d am p in g. T h e

d rag co e± cien t, C , is assu m ed to b e con stan t th rou gh ou t th e veh icle len gthD

for sim p licity. T h is d o es n ot a® ect th e q u alitative p rop erties of th e resu lts

th at follow . T h e veh icle p itch rate is,

_µ = q : (4)

D y n am ic cou p lin g b etw een su rge an d h eave/p itch is p resen t d u e to co ord in ate

cou p lin g as a resu lt of th e n on zero m etacen tric h eigh t. H ow ever, it h as b een

sh ow n (P ap ou lias an d P ap ad im itriou , 1995) th at th is cou p lin g is of h igh er

ord er an d d o es n ot ch an ge th e lin ear an d n on lin ear resu lts th at follow .

B . H Y D R O D Y N A M IC C O E F F IC IE N T S

S y stem atic stu d ies b ased on sem i{em p irical m eth o d s h ave resu lted in th e

evalu ation of h y d ro d y n am ic co e± cien ts for a gen eric b o d y of revolu tion in

term s of b asic geom etric p rop erties. C u rve ¯ ttin g revealed th at ad eq u ate ac-

cu racy for in itial d esign can b e ob tain ed b y eq u ation s of th e form

2 2H = A F + A F F + A F + A FC 1 2 n m 3 4 nn mµ ¶
V

+ A F + A + A ¡ C ;5 m 6 7 3L

w h ere H d en otes a given co e± cien t in its stan d ard n on d im en sion al form , VC

th e u n d erw ater volu m e of th e b o d y, L its n om in al len gth , F th e n ose fraction ,n

an d F th e m id {b o d y fraction . T h e regression co e± cien ts A are p resen tedm i
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A regression co e± cien ti

b(x ) lo cal b eam of th e h u ll

C n om in al valu e of volu m etric co e± cien t

C q u ad ratic d rag co e± cien tD

F n ose len gth fractionn

F m id d le-b o d y len gth fractionm

H given h y d ro d y n am ic co e± cien tc

I veh icle m ass m om en t of in ertiay

K n on lin ear stab ility co e± cien t

L veh icle len gth

m veh icle m ass

M p itch m om en t

M d erivative of M w ith resp ect to aa

q p itch rate

T tran sform ation m atrix of x to z

u forw ard sp eed

u critical valu e of uc

V total volu m e

w h eave velo city

x state variab les vector, x = [µ ;w ;q]

(x ;z ) b o d y ¯ x ed co ord in ates of veh icle cen ter of b u oyan cyB B

(x ;z ) b o d y ¯ x ed co ord in ates of veh icle cen ter of grav ityG G

x cen ter of grav ity /cen ter of b u oyan cy sep aration , x ¡ xG B G B

z veh icle m etacen tric h eigh t, z ¡ zG B G B

Z h eave force

Z d erivative of Z w ith resp ect to aa

® ex p an sion co e± cien ts of z in term s of z , zij 3 1 2

± stern p lan e d e° ection

² criticality d i® eren ce, ² = u ¡ u c

µ p itch an gle

Table 1 : Nomenclature
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H A A A A A A AC 1 2 3 4 5 6 7

Z ¡ 0 :0641 ¡ 0 :1149 ¡ 0 :0632 + 0 :0670 + 0 :0732 ¡ 0 :0263 ¡ 0 :5769w

M + 0 :0277 + 0 :0499 + 0 :0266 ¡ 0 :0283 ¡ 0 :0301 ¡ 0 :0056 ¡ 1 :6357w

Z ¡ 0 :0314 ¡ 0 :0559 ¡ 0 :0292 + 0 :0310 + 0 :0316 ¡ 0 :0091 ¡ 0 :0880q

M ¡ 0 :0003 + 0 :0040 + 0 :0027 ¡ 0 :0012 ¡ 0 :0045 + 0 :0006 ¡ 0 :1590q

Z + 0 :0002 + 0 :0007 + 0 :0007 ¡ 0 :0008 ¡ 0 :0016 ¡ 0 :0144 ¡ 1 :8067_w

M ¡ 0 :0002 ¡ 0 :0007 ¡ 0 :0007 + 0 :0008 + 0 :0016 + 0 :0144 + 1:8067_w

M ¡ 0 :0031 ¡ 0 :0046 ¡ 0 :0021 + 0 :0031 + 0 :0024 ¡ 0 :0013 ¡ 0 :0808_q

Table 2: Regression coe±cients A i

in T ab le 2. Z w as assu m ed con stan t sin ce th e sem i{em p irical tech n iq u es_q

failed to com p u te a reliab le valu e. B asic geom etric d e¯ n ition s for th e b o d y

¡3are p resen ted in F igu re 1. T h e con stan t C is ap p rox im ately 8 £ 10 an d is

th e n om in al valu e for th e volu m etric co e± cien t. T h ese ex p ression s are for a

b o d y of revolu tion w ith ou t ap p en d ages an d assu m e p arab olic n ose, p arallel

m id {b o d y, an d con ical tail (H olm es, 1995). T y p ical ran ges of ap p licab ility for

th ese regression form u las are 0:05 to 0 :25 for F , 0 :40 to 0:60 for F , an d 6 :0 ton m

310 :0 for V = L . S am p le resu lts for th e ab ove h y d ro d y n am ic co e± cien ts versu s

th e n ose an d m id {b o d y fraction ratios are p resen ted in F igu res 2 th rou gh 8.

C . D E G R E E O F S T A B IL IT Y

T h e d egree of stab ility is d e¯ n ed as th e largest real p art of all eigen valu es of

th e lin earized sy stem of eq u ation s (2), (3), an d (4). P ositive valu es in d icate an

u n stab le sy stem w h ile n egative valu es sh ow stab ility of forw ard m otion . T h e

d egree of stab ility versu s x for con stan t forw ard sp eed u = 0 :5 an d d i® eren tG B

valu es of z is sh ow n in F igu res 9 th rou gh 12. B ased on th ese resu lts w e canG B
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Figure 1 : Geometric de¯nitions

Figure 2: Hydrodynamic coe±cient M versus F and F_q n m
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Figure 3: Hydrodynamic coe±cient M versus F and F_w n m

Figure 4: Hydrodynamic coe±cient Z versus F and F_w n m
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Figure 5: Hydrodynamic coe±cient M versus F and Fq n m

Figure 6: Hydrodynamic coe±cient Z versus F and Fq n m
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Figure 7: Hydrodynamic coe±cient M versus F and Fw n m

Figure 8: Hydrodynamic coe±cient Z versus F and Fw n m
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Figure 9: Degree of stability for u = 0:5, varying z , F = 0:3, and F = 0:6G B n m

d raw th e follow in g con clu sion s:

1. In all cases th e veh icle is d y n am ically m ore stab le as th e m etacen tric

h eigh t z is in creased .G B

2. In allcases th e veh icle is d y n am ically less stab le as th e sep aration b etw een

th e cen ters of grav ity an d b u oyan cy is red u ced in ab solu te valu e.

3. F or con stan t F , in creasin g valu es of F resu lt in less stab le veh icles.n m

T h is m ean s th at a lon ger tail is b en e¯ cial for stab ility of m otion , as

ex p ected .

4. T h e sam e con clu sion h old s for con stan t m id {b o d y ratio F an d vary in gm

n ose ratios F .n
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Figure 10: Degree of stability for u = 0:5, varying z , F = 0:1 , and F = 0:4n mG B

Figure 11 : Degree of stability for u = 0:5, varying z , F = 0:3, and F = 0:4G B n m
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Figure 12: Degree of stability for u = 0:5, varying z , F = 0:1 , and F = 0:6G B n m

C orresp on d in g resu lts for con stan t z = 0 :015 an d vary in g forw ard sp eed sG B

u are sh ow n in F igu res 13 th rou gh 16. S im ilar con clu sion s as th ose d iscu ssed

p rev iou sly h old in th ese cases w ith th e follow in g ex cep tion s:

1. F or very low forw ard sp eed s, th e case x = 0 m ay b e b est for stab ility.G

2. F or very low sp eed s, sm aller tails m ay resu lt in m ore stab le con ¯ gu ra-

tion s.

C om b in ed resu lts for variation s in b oth x an d u are sh ow n b y th e m eshG B

p lots of F igu res 17 th rou gh 20. T h e valu e of z w as h eld con stan t at 0 :015G B

for all p lots. T h ese ¯ gu res con ¯ rm ou r p rev iou s con clu sion s b y p resen tin g th e

resu lts in m ore d etail.

F igu re 21 sh ow s th e d egree of stab ility versu s F an d F . B oth valu esn m
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Figure 13: Degree of stability for z = 0:015, varying u , F = 0:3, and F = 0:6n mG B

Figure 14: Degree of stability for z = 0:015, varying u , F = 0:1 , and F = 0:4G B n m
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Figure 15: Degree of stability for z = 0:015, varying u , F = 0:3, and F = 0:4n mG B

Figure 16: Degree of stability for z = 0:015, varying u , F = 0:1 , and F = 0:6G B n m
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Figure 17: Degree of stability for F = 0:3 and F = 0:6n m

Figure 18: Degree of stability for F = 0:1 and F = 0:4n m
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Figure 19: Degree of stability for F = 0:3 and F = 0:4n m

Figure 20: Degree of stability for F = 0:1 and F = 0:6n m
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of x an d z w ere kep t con stan t an d eq u al to 0 an d 0 :015 resp ectively. T h eG G

th ree su rfaces sh ow n corresp on d to valu es u = 0:4 ;0 :5 ;0 :6. T h e u p p er on e

corresp on d s to u = 0:6 w h ile th e low er on e to u = 0 :4. It can b e seen th at

th e d egree of stab ility b ecom es m ore n egative for d ecreasin g u , an d , gen erally

sp eak in g, for d ecreasin g F an d F .n m

F igu re 22 sh ow s th e d egree of stab ility versu s F an d F . B oth valu es ofn m

forw ard sp eed u an d z w ere kep t con stan t an d eq u al to 0 :5 an d 0 :015 resp ec-G

tively. T h e th ree su rfaces sh ow n corresp on d to valu es x = ¡ 0 :01;0 ;+ 0 :01.G

T h e u p p er on e corresp on d s to x = 0 :0 w h ile th e low er on e to x = + 0 :01. ItG G

can b e seen th at th e d egree of stab ility b ecom es m ore n egative for in creasin g

x in ab solu te valu e, an d , gen erally sp eak in g, for d ecreasin g F an d F .G n m

F igu re 23 sh ow s th e d egree of stab ility versu s F an d F . B oth valu es of for-n m

w ard sp eed u an d x w ere kep t con stan t an d eq u al to 0 :5 an d 0 :0 resp ectively.G

T h e th ree su rfaces sh ow n corresp on d to valu es z = + 0 :005;+ 0 :015 ;+ 0:025.G

T h e u p p er on e corresp on d s to z = + 0 :005 w h ile th e low er on e to z =G G

+ 0 :0025. It can b e seen th at th e d egree of stab ility b ecom es m ore n egative for

in creasin g z , an d , gen erally sp eak in g, for d ecreasin g F an d F .G n m

D . C R IT IC A L S P E E D

T h e p aram eter valu e w h ere th e realp art of th e d om in an t com p lex con ju gate

p air of eigen valu es crosses zero d e¯ n es th e p oin t w h ere lin ear stab ility is lost.

T h is critical p oin t can b e com p u ted b y con sid erin g th e ch aracteristic eq u ation

20



Figure 21 : Degree of stability versus F and F for x = 0, z = 0:015, andn m G G

u = 0:4;0:5;0:6

Figure 22: Degree of stability versus F and F for u = 0:5, z = 0:015, andn m G

x = ¡ 0:01;0;+0:01G
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Figure 23: Degree of stability versus F and F for u = 0:5, x = 0, and z =n m G G

0:005;0:015;0:025

of th e sy stem (P ap ad im itriou , 1994). R ou th 's criterion ap p lied to th is can b e

solved for th e d im en sion less w eigh t,

B C2 2 ;0
W = ; (5)

A D ¡ B C2 2 ;1 2 2 ;1

w h ere,

C = Z (M ¡ m x ) ¡ M (Z + m ) ;2 ;0 w q G w q

C = (m ¡ Z )(z cos µ ¡ x sin µ ) ;2 ;1 _w G B 0 G B 0

D = Z (x sin µ ¡ z cos µ ) :2 ;1 w G B 0 G B 0

It sh ou ld b e m en tion ed th at th e e® ect of th e forw ard sp eed u is em b ed d ed in to

th e d e¯ n ition for th e d im en sion less veh icle w eigh t W th rou gh ,

W
W ¡ ! : (6)1 2 2½ u L

2
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T h e valu e of th e critical sp eed u can th en b e evalu ated from (5) an d (6).c

T y p ical resu lts are p resen ted in F igu res 24 th rou gh 27. A fam ily of critical

sp eed s, u , is sh ow n versu s x w ith z as th e p aram eter of th e cu rves. T h esec G G

resu lts w ere ob tain ed for a n ose fraction F = 0 :1 ;0 :3 an d m id {b o d y fractionn

F = 0 :4 ;0:6. T h e volu m etric co e± cien t w as kep t at n om in al for all resu lts.m

V ertical p lan e m otion s are stab le for forw ard sp eed s less th an th e critical sp eed .

It can b e seen th at stab ility is in creasin g w ith in creasin g z w h ile x = 0 is th eG G

m ost con servative con d ition for stab ility. T h erefore, a veh icle w h ich is stab le

w h en p rop erly trim m ed w ill rem ain stab le for o® {trim con d ition s. T h e fact

th at a veh icle w ith a lon ger aft{b o d y ou gh t to b e d y n am ically m ore stab le is

con ¯ rm ed b y com p arin g th e resu lts of F igu res 24 an d 26 to th e resu lts sh ow n

in F igu res 25 an d 27 resp ectively. It can b e seen th at th e corresp on d in g critical

sp eed s b ecom e sm aller, th ereb y red u cin g th e d y n am ic stab ility m argin , as th e

n ose an d m id {b o d y fraction s are raised . T h is tren d is con sisten t for all valu es

of x an d z ex am in ed .G G

C om b in ed p lots of th e critical sp eed versu s b oth x an d z are sh ow n inG G

F igu res 28 an d 29. F igu re 28 p resen ts th e su rfaces for F = 0:3 an d F =n m

0 :4 ;0 :5 ;0:6. T h e u p p p er su rface corresp on d s to F = 0 :4. F igu re 29 p resen tsm

th e su rfaces for F = 0 :5 an d F = 0 :1 ;0 :2 ;0:3. T h e u p p er su rface corresp on d sm n

to F = 0:1.n

C om b in ed p lots of th e critical sp eed versu s b oth F an d F are sh ow nn m

in F igu res 30 th rou gh 32. F igu re 30 p resen ts th e su rface w h en z = 0 :0125G

an d x = 0. F igu re 31 gives u s a com p arative v iew keep in g z = 0:0125 an dG G

23



Figure 24: Critical speed versus x for F = 0:1 and F = 0:4 and di®erent valuesG n m

of z G

Figure 25: Critical speed versus x for F = 0:1 and F = 0:6 and di®erent valuesG n m

of z G
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Figure 26: Critical speed versus x for F = 0:3 and F = 0:4 and di®erent valuesG n m

of z G

Figure 27: Critical speed versus x for F = 0:3 and F = 0:6 and di®erent valuesG n m

of z G
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Figure 28: Critical speed versus x and z for F = 0:3 and F = 0:4;0:5;0:6n mG G

Figure 29: Critical speed versus x and z for F = 0:5 and F = 0:1;0:2;0:3G G m n
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Figure 30: Critical speed versus F and F for z = 0:0125 and x = 0n m G G

Figure 31 : Critical speed versus F and F for z = 0:0125 and x =n m G G

¡ 0:01;0;+0:01
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Figure 32: Critical speed versus F and F for x = 0 and z = 0:005;0:015;0:025n m G G

Figure 33: Stability coe±cient G versus x for constant F and di®erent values ofv G n

F m
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u sin g x = ¡ 0 :01 ;0 ;+ 0 :01 to p lot th e su rfaces as sh ow n . T h e low er su rfaceG

corresp on d s to x = 0. It can b e seen th at n on zero x in creases th e ran geG G

of stab ility, w h ile th e gen eral tren d is to in crease stab ility as b oth F an dn

F b ecom e sm aller. A sim ilar p lot for x = 0 an d for th ree valu es of z ,m G G

0 :005, 0 :010, an d 0 :025 is sh ow n in F igu re 32. T h e low er su rface corresp on d s

to z = 0 :005 an d th e h igh er on e to z = 0 :025. It can b e seen th at th eG G

m etacen tric h eigh t h as b y far th e greatest e® ect on d y n am ic stab ility, w h ile

th e e® ects of h u ll geom etry are sm aller.

F or com p arison , a p lot of th e classical stab ility co e± cien t G from eq u ationv

(1), is sh ow n in F igu re 33. T h e d i® eren t cu rves corresp on d to variou s m id {

b o d y fraction s, w h ile th e n ose fraction is kep t con stan t. It can b e seen th at G v

is n egative th rou gh ou t. T h erefore, it w ou ld h ave p red icted an u n stab le veh icle

for all ran ges of th e p aram eters, w h ich is of cou rse in correct. F u rth erm ore, G v

b ecom es less n egative as F is in creased , w h ich w ou ld su ggest th at d y n am icm

stab ility is in creased as th e aft{b o d y len gth is d ecreased . T h is is also a false

con clu sion . A s w e p oin ted ou t in th e in tro d u ction , th e classical stab ility in d ex

G sh ou ld b e u sed w ith ex trem e cau tion .v
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III. B IF U R C A T IO N A N A L Y S IS

A . IN T R O D U C T IO N

T h e n on lin ear b ifu rcation an aly sis is b ased on th e gen eral m eth o d ology

u sed in (P ap ad im itriou , 1994). T h e fu n d am en tal eq u ation s are rep ro d u ced

h ere for com p leten ess of th e p resen tation . T h e n on lin ear h eave/p itch eq u ation s

of m otion (2), (3), an d (4) are w ritten in th e form ,

_µ = q ; (7)

_w = a w + a q + a (x cos µ + z sin µ )1 1 1 2 1 3 G B G B

+ d (w ;q) + c (w ;q) ; (8)w 1

_q = a w + a q + a (x cos µ + z sin µ )2 1 2 2 2 3 G B G B

+ d (w ;q) + c (w ;q) ; (9)q 2

w h ere th e variou s co e± cien ts are fu n ction s of th e h y d ro d y n am ic d erivatives

an d m ass p rop erties, an d I , I are th e cross ° ow in tegrals.w q

T h e sy stem of eq u ation s (7) th rou gh (9) is w ritten in th e com p act form

_x = A x + g (x ) ; (10)

w h ere

x = [µ ;w ;q] ; (11)

is th e th ree state variab les vector, an d A is th e lin earized sy tem m atrix eval-

u ated at th e n om in al p oin t x . T h e term g (x ) con tain s all n on lin ear term s0
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of th e eq u ation s. H op f b ifu rcation an aly sis can b e p erform ed b y isolatin g th e

p rim ary n on lin ear term s in g (x ). K eep in g term s u p to th ird ord er, w e can

w rite

(2 ) (3 )
g (x ) = g (x ) + g (x ) : (12)

U sin g eq u ation s (7) th rou gh (11), th e variou s term s in (12) can b e w ritten as,

(2 )
g = 0 ;1

(2 ) 2g = (I ¡ M )m z q ¡ (m x + Z )m z w qy _q G G _q G2

(2 )+ d (w ;q) ; (13)
w

(2 ) 2g = ¡ (m ¡ Z )m z w q + (m x + M )m z q_w G G _w G3

(2 )+ d (w ;q) ;
q

an d

(3 )
g = 0 ;1

(3 ) (3 )g = d (w ;q) +2 w

31 a (x sin µ ¡ z cos µ )µ ; (14)1 3 G B 0 G B 06

(3 ) (3 )g = d (w ;q) +3 q

31 a (x sin µ ¡ z cos µ )µ :2 3 G B 0 G B 06

E x p an sion in T ay lor series of d , d req u ires ex p an sion of th e cross ° ow in te-w q

grals I , I , w h ich req u ire th e T ay lor series ofw q

f (») = » j» j : (15)

T h is ex p ression can b e con verted in to an an aly tic fu n ction u sin g D alzell's

32



ap p rox im ation (D alzell, (1978),

35 35 »
»j»j ¼ » » + ; (16)c

16 48 »c

w h ich is d erived b y a least sq u ares ¯ t of an o d d series over som e assu m ed ran ge

of », n am ely ¡ » < » < » . T h is ap p rox im ation h as b een ex ten sively u sed inc c

sh ip roll m otion stu d ies an d is very u sefu l for its in ten d ed p u rp ose. H ow ever,

in th e p resen t p rob lem it su ® ers from th e several d raw b ack s (P ap ad im itriou ,

1994). In stead of D alzell's ap p rox im ation , w e em p loy th e con cep t of gen eral-

ized grad ien t (C larke, (1983), w h ich is u sed in th e stu d y of con trol sy stem s

in volv in g d iscon tin u ou s or n on {sm o oth fu n ction s. In th is w ay w e ap p rox im ate

th e grad ien t of a n on {sm o oth fu n ction at a d iscon tin u ity b y a m ap eq u al to th e

con vex closu re of th e lim itin g grad ien ts n ear th e d iscon tin u ity. In ou r p rob lem

w e w rite,

f (») = » j» j + 2j» j(» ¡ » ) +0 0 0 0

2 (3 )sign (» )(» ¡ » ) + f (») ; (17)0 0

as th e T ay lor series ep an sion of f (» ) n ear » . T h e sign fu n ction in (17) can b e0

ap p rox im ated b y, Ã !
»0

sign (» ) = lim tan h : (18)0
°! 0 °

T h e q u an tity ° is a sm all regu larization p aram eter an d is u sed for p rop er

n orm alization of th e resu lts. U sin g (18), w e can ap p rox im ate f (») in th e

v icin ity of » = 0 b y,0

1 3» j» j ¼ » : (19)
6 °
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S in ce

» 7! w ¡ x q ; (20)

w e can ex p ress th e n on {sm o oth cross ° ow in tegral term s b y,

C D 3 2 2 3I = (E w ¡ 3 E w q + 3 E w q ¡ E q ) ;w 0 1 2 3
6 °

C D 3 2 2 3I = (E w ¡ 3E w q + 3 E w q ¡ E q ) ;q 1 2 3 4
6 °

w h ere Z n o se
iE = x b(x ) d x ; (21)i

ta il

are th e m om en ts of th e veh icle \w aterp lan e" area.

U sin g th e p rev iou s secon d an d th ird ord er T ay lor series ex p an sion s, eq u a-

tion (10) is w ritten in th e form ,

(2 ) (3 )_x = A x + g (x ) + g (x ) : (22)

If T is th e m atrix of eigen vectors of A evalu ated at th e critical p oin t u = u ,c

th e lin ear ch an ge of co ord in ates,

¡1
x = T z ; z = T x ; (23)

tran sform s sy stem (22) in to its n orm al co ord in ate form ,

¡1 ¡1 (2 ) ¡1 (3 )
_z = T A T z + T g (T z ) + T g (T z ) : (24)

¡1A t th e H op f b ifu rcation p oin t, m atrix T A T takes th e form ,2 3
0 ¡ ! 006 7¡1 ! 0 0T A T = ;4 50

0 0 p
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w h ere ! is th e im agin ary p art of th e critical p air of eigen valu es, an d th e0

rem ain in g eigen valu e p is n egative. F or valu es of u close to th e b ifu rcation

¡1p oit u , m atrix T A T b ecom es,c 2 3
0 0® ² ¡ (! + ! ²) 006 7¡1 0 0(! + ! ²) ® ² 0T A T = ;4 50

00 0 p + p ²

w h ere ² d en otes th e criticality d i® eren ce

² = u ¡ u ; (25)c

an d

0® = d erivative of th e real p art of th e critical

eigen valu e w ith resp ect to ² ;

0! = d erivative of th e im agin ary p art of th e

critical eigen valu e w ith resp ect to ² ;

0p = d erivative of p w ith resp ect to ² :

0D u e to con tin u ity, th e eigevalu e p + p ² rem ain s n egative for sm all n on zero

valu es of ². T h erefore, th e co ord in ate z corresp on d s to a n egative eigen valu e3

an d is asy m p totically stab le. C en ter m an ifold th eory p red icts th at th e rela-

tion sh ip b etw een th e critical co ord in ates z , z an d th e stab le co ord in ate z is1 2 3

at least of q u ad ratic ord er. W e can th en w rite z as,3

2 2z = ® z + ® z z + ® z ; (26)3 1 1 1 2 1 2 2 21 2

w h ere th e co e± cien ts, ® , in th e q u ad ratic cen ter m an ifold ex p an sion (26)ij
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n eed to b e d eterm in ed . B y d i® eren tiatin g eq u ation (26) w e ob tain ,

_z = 2® z _z + ® ( _z z + z _z ) + 2® z _z : (27)3 1 1 1 1 1 2 1 2 1 2 2 2 2 2

W e su b stitu te _z = ¡ ! z an d _z = ! z an d w e ob tain1 0 2 2 0 1

2 2_z = ® ! z + 2(® ¡ ® )! z z ¡ ® ! z : (28)3 1 2 0 2 2 1 1 0 1 2 1 2 01 2

T h e th ird eq u ation of (24) is w ritten as,

h i
¡1 (2 )_z = p z + T g (T z ) ; (29)3 3

(3 ;3 )

w h ere term s u p to secon d ord er h ave b een kep t. If w e d en ote th e elem en ts of

¡1T an d T b y,

¡1T = [m ] ; T = [n ] ; (30)ij ij

th en 2 3
d 16 7¡1 (2 ) dT g (T z ) = ;4 52

d 3

w h ere ex p ression s for d , d , d , an d th e co e± cien ts ` are given in P ap ad im -1 2 3 ij

itriou (1994).

E q u ation (29) th en b ecom es

_z = p z + d ; (31)3 3 3

an d su b stitu tin g (26) an d th e ex p ression for d in to (31) w e get,3

2_z = (p ® + n ` + n ` )z3 1 1 3 2 2 5 3 3 3 5 1

+ (p ® + n ` + n ` )z z1 2 3 2 2 6 3 3 3 6 1 2

2+ (p ® + n ` + n ` )z : (32)2 2 3 2 2 7 3 3 3 7 2
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C om p arin g co e± cien ts of (28) an d (32) w e get a sy stem of lin ear eq u ation s

w h ich y ield s th e co e± cien ts in th e cen ter m an ifold ex p an sion (26).

U sin g th e p rev iou s T ay lor ex p an sion s an d cen ter m an ifold ap p rox im ation s,

w e can w rite th e red u ced tw o{d im en sion al sy stem th at d escrib es th e cen ter

m an ifold ° ow of (24) in th e form ,

0 0_z = ® ²z ¡ (! + ! ²)z + F (z ;z ) ;1 1 0 2 1 1 2

0 0_z = (! + ! ²)z + ® ²z + F (z ;z ) ;2 0 1 2 2 1 2

w h ere F , F are cu b ic p oly n om ials in z an d z .1 2 1 2

If w e in tro d u ce p olar co ord in ates in th e form ,

z = R cos Á ; z = R sin Á ;1 2

w e can p ro d u ce an eq u ation d escrib in g th e rate of ch an ge of th e rad ial co or-

d in ate R ,

0 3 2_R = ® ²R + P (Á )R + Q (Á )R :

T h is eq u ation con tain s on e variab le, R , w h ich is slow ly vary in g in tim e, an d

an oth er variab le, Á , w h ich is a fast variab le. T h erefore, it can b e averaged

over on e com p lete cy cle in Á to p ro d u ce an eq u ation w ith con stan t co e± cien ts

an d sim ilar stab ility p rop erties,

0 3 2_R = ® ²R + K R + L R ;

w h ere

Z 2 ¼1
K = P (Á ) d Á

2 ¼ 0
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1= (3r + r + r + 3 r ) ;1 1 1 3 2 2 2 48 Z 2 ¼1
L = Q (Á ) d Á = 0 :

2 ¼ 0

T h erefore, th e averaged eq u ation b ecom es

0 3_R = ® ²R + K R : (33)

E q u ation (33) ad m its tw o stead y state solu tion s, on e at R = 0 w h ich

corresp on d s to th e triv ial eq u ilib riu m solu tion at zero, an d on e at

s
0®

R = ¡ ² : (34)0
K

T h is eq u ilib riu m solu tion corresp on d s to a p erio d ic solu tion or lim it cy cle in

th e cartesian co ord in ates z , z . F or th is lim it cy cle to ex ist, th e q u an tity R1 2 0

0m u st b e a real n u m b er. In ou r case ® is alw ay s p ositive, sin ce th e sy stem loses

its stab ility ; i.e., th e real p art of th e critical p air of eigen valu es ch an ges from

n egative to p ositive, for in creasin g u . T h erefore, ex isten ce of th ese p erio d ic

solu tion s d ep en d s on th e valu e of K . S p ecī cally,

² if K < 0, p erio d ic solu tion s ex ist for ² > 0 or u > u , an dc

² if K > 0, p erio d ic solu tion s ex ist for ² < 0 or u < u .c

T h e ch aracteristic ro ot of (33) in th e v icin ity of (34) is

0¯ = ¡ 2 ® ² ; (35)

an d w e can see th at
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Figure 34: Nonlinear stability coe±cient versus x for F = 0:1 , F = 0:4, andG n m

di®erent values of C D

² if p erio d ic solu tion s ex ist for u > u th ey are stab le, an dc

² if p erio d ic solu tion s ex ist for u < u th ey are u n stab le.c

B . R E S U L T S A N D D IS C U S S IO N

T y p ical resu lts of th e n on lin ear stab ility co e± cien t K are sh ow n in F igu res

34 th rou gh 37. F igu re 35 p resen ts a p lot of K ¢ ° versu s x for z = 0:015,G G

F = 0 :1, F = 0 :6, an d for d i® eren t valu es of th e q u ad ratic d rag co e± cien tn m

C . It sh ou ld b e em p h asized th at th e u se of K ¢° is m ore m ean in gfu l th an th eD

u se of K , sin ce it p rop erly accou n ts for th e u se of th e regu larization p aram eter

° . N u m erical ev id en ce su ggests th at all cu rves K ¢ ° versu s x con verge forG
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Figure 35: Nonlinear stability coe±cient versus x for F = 0:1 , F = 0:6, di®erentG n m

values of C D

Figure 36: Nonlinear stability coe±cient versus x for F = 0:3, F = 0:4, di®erentG n m

values of C D
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Figure 37: Nonlinear stability coe±cient versus x for F = 0:3, F = 0:6, di®erentG n m

values of C D

° ! 0. F or p ractical p u rp oses, valu es of ° sm aller th an 0:001 p ro d u ce id en ti-

cal resu lts. T h e resu lts of F igu re 8 d em on strate th e p rofou n d e® ect th at th e

q u ad ratic d rag co e± cien t C h as on stab ility of lim it cy cles. A ll H op f b ifu r-D

cation s are su p ercritical (K < 0), an d th ey b ecom e stron ger su p ercritical as

C is in creased . It is w orth n otin g th at resu lts for C = 0 p ro d u ce su b criticalD D

b eh av ior, K > 0, w h ich is clearly in correct. T h u s, n eglectin g th e e® ects of C D

w ou ld h ave p ro d u ce en tirely w ron g resu lts in th e p resen t p rob lem . A d d ition al

resu lts sh ow th at th e b ifu rcation s b ecom e stron ger su p ercritical as in itial sta-

b ility z is in creased . F igu re 34 p resen ts sim ilar resu lts w ith th e on ly d i® eren ceG

b ein g th e valu e of m id {b o d y fraction F = 0 :4. It can b e seen th at sm allerm

F for th e sam e F , w h ich resu lts in lon ger b o d y tail, m ay b e b en e¯ cial form n

stab ility in th e lin ear sen se b u t it also gen erates less su p ercritical b ifu rcation s.
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Figure 38: Nonlinear stability coe±cient versus F for x = 0, C = 0:5, andm G D

di®erent values of F n

T h is can p rob ab ly b e attrib u ted to th e in creased resp on siven ess of th e veh i-

cle. F igu res 36 an d 37 sh ow th e sam e resu lts for n ose fraction F = 0 :3. Itn

sh ou ld b e em p h asized , h ow ever, th at alterin g th e fore an d aft b o d y len gth s

m igh t in fu en ce th e valu es of C w h ich , as w e p oin ted ou t, is th e sin gle m ostD

im p ortan t p aram eter for th e n on lin ear n atu re of th e b ifu rcation s.

F igu re 38 sh ow s th e n on lin ear stab ility co e± cien t versu s F for d i® eren tm

valu es of F , w h ile x = 0 an d C = 0 :5. It can b e seen th at sm aller Fn G D n

for th e sam e F , w h ich resu lts in lon ger b o d y tail, gen erates less su p ercriticalm

b ifu rcation s.

F igu re 39 sh ow s tn e n on lin ear stab ility co e± cien t versu s F for d i® eren tn

valu es of F , w h ile x = 0 an d C = 0 :5. A gain it is clear th at lon ger b o d ym G D
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Figure 39: Nonlinear stability coe±cient versus F for x = 0, C = 0:5, andn G D

di®erent values of F m

tail gen erates less su p ercritical b ifu rcation s.
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IV . C O N C L U S IO N S A N D R E C O M M E N D A T IO N S

T h is w ork p resen ted a com p reh en sive n on lin ear stu d y of straigh t lin e sta-

b ility of m otion of su b m ersib les in th e d ive p lan e u n d er op en lo op con d ition s.

A sy stem atic p ertu rb ation an aly sis d em on strated th at th e e® ects of su rge in

h eave/p itch are sm all an d can b e n eglected . P rim ary loss of stab ility w as

sh ow n to o ccu r in th e form of H op f b ifu rcation s to p erio d ic solu tion s. T h e

critical sp eed w ere in stab ility o ccu rs w as com p u ted in term s of m etacen tric

h eigh t, lon gitu d in al sep aration of th e cen ters of b u oyan cy an d grav ity, an d

th e d ive p lan e an gle. A n aly sis of th e p erio d ic solu tion s th at resu lted from th e

H op f b ifu rcation s w as accom p lish ed th rou gh T ay lor ex p an sion s, u p to th ird

ord er, of th e eq u ation s of m otion . A con sisten t ap p rox im ation , u tilizin g th e

gen eralized grad ien t, w as u sed to stu d y th e n on {an aly tic q u ad ratic cross ° ow

in tegral d rag term s. T h e m ain resu lts of th is stu d y are su m m arized b elow :

1. T h e critical sp eed of loss of stab ility is a m on oton ically in creasin g fu n c-

tion of b oth vertical an d lon gitu d in al L C G /L C B sep aration . T h is m ean s

th at a veh icle w h ich is stab le w h en p rop erly trim m ed w ill rem ain stab le

for o® {trim con d ition s.

2. L oss of stab ility o ccu rs alw ay s in th e form of su p ercritical H op f b ifu rca-

tion s w ith th e gen eration of stab le lim it cy cles. It w as fou n d th at th is is

m ain ly d u e to th e stab ilizin g e® ects of th e q u ad ratic d rag forces.
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3. E ven th ou gh th e q u ad ratic d rag forces d o n ot in ° u en ce th e in itial loss of

stab ility, th ey h ave a sign ī can t e® ect on p ost{loss of stab ility stab iliza-

tion .

4. In gen eral, lon ger aft b o d y section s seem ed to in crease th e ran ge of lin ear

stab ility b u t in ° u en ce ad versely th e resu ltin g lim it cy cles u p on th e in itial

loss of stab ility.

It sh ou ld b e em p h asized th at th e o ccu rren ce of su p ercritical H op f b ifu rcation s

is an attrib u te of th e op en lo op sy stem on ly. U n d er closed lo op con trol, it is

p ossib le to ex p erien ce eith er su p ercritical or stron gly su b critical H op f b ifu rca-

tion s, as sh ow n in [P ap ou lias et al (1995)]. T h e latter are p articu larly severe

in p ractice sin ce self{su stain ed veh icle oscillation s m ay b e in itiated p rior to

loss of stab ility, d ep en d in g on th e level of ex tern al ex citation or th e in itial

con d ition s.
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A P P E N D IX

T h e follow in g is a list an d d escrip tion of th e com p u ter p rogram s u sed in th is

th esis. T h e p rogram s are w ritten in F O R T R A N or M A T L A B . C om p lete p rin t-

ou ts of th e p rogram s follow after th e list.

² C R IT 0 .M

M A T L A B p rogram for calcu latin g th e critical sp eed for ± = 0.

² D S T A B .M

M A T L A B p rogram for calcu latin g th e d egree of stab ility.

² H O P F 0 .F O R

F O R T R A N p rogram for evalu ation of h op f b ifu rcation form u las u sin g th e

su b o® su b m arin e m o d el.
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% P r o g r a m c r i t _ 0 . m

% E v a l u a t i o n o f c r i t i c a l s p e e d f o r d e l t a = 0

c l e a r

r h o = 1 . 9 4 ;

g = 3 2 . 2 ;

L = 1 3 . 9 7 9 2 ;

n d 1 = 0 . 5 * r h o * L ^ 2 ;

n d 2 = 0 . 5 * r h o * L ^ 3 ;

n d 3 = 0 . 5 * r h o * L ^ 4 ;

n d 4 = 0 . 5 * r h o * L ^ 5 ;

m = 1 5 5 6 . 2 3 6 3 / ( g * n d 2 ) ;

m d = 1 5 5 6 . 2 3 6 3 / g ;

V = m d / r h o ;

z g = 0 . 0 0 5 ;

w h i l e z g < 0 . 0 2 6 ,

f l a g 1 = 0 ;

f o r F n = 0 . 1 : 0 . 0 1 : 0 . 3 5 ;

f l a g 1 = f l a g 1 + 1 ;

f l a g 2 = 0 ;

f o r F m = 0 . 3 : 0 . 0 1 : 0 . 6 ;

f l a g 2 = f l a g 2 + 1 ;

F b = 1 - F n - F m ;

d = ( ( 1 2 * V ) . / ( p i * L * ( 3 * F m + 2 * F n + F b ) ) ) . ^ 0 . 5 ;

r = d / 2 ;

V n = ( 2 / 3 * p i * r . ^ 2 * L . * F n ) ;

M n = V n * r h o ;

V m = ( p i * r . ^ 2 . * F m * L ) ;

M m = V m * r h o ;

V b = ( 1 / 3 * p i * r . ^ 2 * L . * F b ) ;

M b = V b * r h o ;

I n = M n . * ( 1 / 5 * ( r . ^ 2 + ( L * F n ) . ^ 2 ) - ( 3 * L * F n / 8 ) . ^ 2 ) ;

I m = M m / 1 2 . * ( 3 * r . ^ 2 + ( L * F m ) . ^ 2 ) ;

I b = M b . * ( 3 / 5 * ( r . ^ 2 / 4 + ( L * F b ) . ^ 2 ) - ( L * F b / 4 ) . ^ 2 ) ;

x c b = p i * d . ^ 2 . * ( 2 * L * F n . * ( L * F m / 2 + 3 * L * F n / 8 ) . . .

- L * F b . * ( L * F b / 4 + L * F m / 2 ) ) / ( 1 2 * V ) ;

L c b = L * ( F n + F m / 2 ) - x c b ;

I y d = I n + I m + I b + ( M n . * ( L c b - 5 * L * F n / 8 ) . ^ 2 ) . . .

+ ( M m . * ( L c b - L * F m / 2 - L * F n ) . ^ 2 ) . . .
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+ ( M b . * ( L c b - L * ( F n + F m + F b / 4 ) ) . ^ 2 ) ;

I y m = I y d / n d 4 ;

% i n p u t s A 1 , A 2 , A 3 , A 4 , A 5 , A 6 , A 7 , A 8 f o r e a c h c o e f f i c i e n t

A 1 = [ - 0 . 0 6 4 1 , 0 . 0 2 7 7 , - 0 . 0 3 1 4 , - 0 . 0 0 0 3 , 0 . 0 0 0 2 , - 0 . 0 0 0 2 , - 0 . 0 0 3 1 ] ;

A 2 = [ - 0 . 1 1 4 9 , 0 . 0 4 9 9 , - 0 . 0 5 5 9 , 0 . 0 0 4 0 , 0 . 0 0 0 7 , - 0 . 0 0 0 7 , - 0 . 0 0 4 6 ] ;

A 3 = [ - 0 . 0 6 3 2 , 0 . 0 2 6 6 , - 0 . 0 2 9 2 , 0 . 0 0 2 7 , 0 . 0 0 0 7 , - 0 . 0 0 0 7 , - 0 . 0 0 2 1 ] ;

A 4 = [ 0 . 0 6 7 0 , - 0 . 0 2 8 3 , 0 . 0 3 1 0 , - 0 . 0 0 1 2 , - 0 . 0 0 0 8 , 0 . 0 0 0 8 , 0 . 0 0 3 1 ] ;

A 5 = [ 0 . 0 7 3 2 , - 0 . 0 3 0 1 , 0 . 0 3 1 6 , - 0 . 0 0 4 5 , - 0 . 0 0 1 6 , 0 . 0 0 1 6 , 0 . 0 0 2 4 ] ;

A 6 = [ - 0 . 0 2 6 3 , - 0 . 0 0 5 6 , - 0 . 0 0 9 1 , 0 . 0 0 0 6 , - 0 . 0 1 4 4 , 0 . 0 1 4 4 , - 0 . 0 0 1 3 ] ;

A 7 = [ - 0 . 5 7 6 9 , - 1 . 6 3 5 7 , - 0 . 0 8 8 0 , - 0 . 1 5 9 0 , - 1 . 8 0 6 7 , 1 . 8 0 6 7 , - 0 . 0 8 0 8 ] ;

% H y d r o d y n a m i c c o e f f i c i e n t p r e d i c t i o n e q u a t i o n

C 1 = 8 . 0 2 3 e - 3 ;

f o r i = 1 : 7 ,

H C m ( i ) = A 1 ( i ) * F n . ^ 2 + A 2 ( i ) * F n . * F m . . .

+ A 3 ( i ) * F m . ^ 2 + A 4 ( i ) * F n . . .

+ A 5 ( i ) * F m + A 6 ( i ) + A 7 ( i ) * ( V / L ^ 3 - C 1 ) ;

e n d

z q d o t = - 6 . 3 3 e - 4 ;

H C m ( 8 ) = z q d o t ;

r a t i o = [ 0 . 5 6 8 6 , - 1 . 4 3 5 7 , - 0 . 2 6 5 8 , 0 . 2 6 7 5 , 1 . 1 7 8 1 , - 3 0 . 5 1 1 4 , 0 . 8 1 4 9 , 1 . 0 ] ;

H C = H C m . / r a t i o ;

z q d o t = - 6 . 3 3 e - 4 ;

z w d o t = H C ( 5 ) ;

z q = H C ( 3 ) ;

z w = H C ( 1 ) ;

m q d o t = H C ( 7 ) ;

m w d o t = H C ( 6 ) ;

m q = H C ( 4 ) ;

m w = H C ( 2 ) ;

I r a t i o = 0 . 9 2 9 4 3 ;

I y = I y m / I r a t i o ;

c d = 0 . 0 1 5 ;

z b = 0 / L ;

x u d o t = - 0 . 0 5 * m ;

x b = 0 / L ;

x g = 0 ;
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G v = 1 - m w . * ( z q + m ) . / ( z w . * ( m q - m . * x g ) ) ;

x g b = x g - x b ;

z g b = z g - z b ;

f o r j = 1 : l e n g t h ( z g )

f o r i = 1 : l e n g t h ( x g )

t h e t a ( i , j ) = a t a n ( - x g b ( i ) . / z g b ( j ) ) ;

a 0 = ( m - z w d o t ) * ( I y - m q d o t ) - ( m w d o t + m * x g ( i ) ) * ( z q d o t + m * x g ( i ) ) ;

b 0 = ( - z w d o t * m - m * m w - z q * m ) * x g ( i ) + ( - m * m q + z w d o t * m q - z q d o t * m w . . .

- z q * m w d o t - m * m w d o t - I y * z w + m q d o t * z w ) ;

c 0 = - m * z w * x g ( i ) + m q * z w - z q * m w - m * m w ;

c 1 = ( - m * x g ( i ) + z w d o t * x g ( i ) + m * x b - z w d o t * x b ) * s i n ( t h e t a ( i , j ) ) . . .

+ ( - m * z b - z w d o t * z g ( j ) + z w d o t * z b + m * z g ( j ) ) * c o s ( t h e t a ( i , j ) ) ;

d 1 = ( z w * x g ( i ) - z w * x b ) * s i n ( t h e t a ( i , j ) ) . . .

+ ( z w * z b - z w * z g ( j ) ) * c o s ( t h e t a ( i , j ) ) ;

w ( i , j ) = b 0 * c 0 / ( a 0 * d 1 - b 0 * c 1 ) ;

u 0 ( i , j ) = ( 1 5 5 6 . 2 3 6 3 / ( n d 1 * w ( i , j ) ) ) ^ . 5 ;

u c r ( f l a g 2 , f l a g 1 ) = u 0 ( i , j ) ;

e n d

e n d

e n d

e n d

F n = 0 . 1 : 0 . 0 1 : 0 . 3 5 ;

F m = 0 . 3 : 0 . 0 1 : 0 . 6 ;

m e s h ( F n , F m , u c r / 8 ) , g r i d

x l a b e l ( ' F n ' )

y l a b e l ( ' F m ' )

z l a b e l ( ' u c r ' )

h o l d o n

z g = z g + 0 . 0 1 ;

e n d
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% P r o g r a m d s t a b . m

% M a t l a b p r o g r a m f o r c a l c u l a t i o n t h e d e g r e e o f s t a b i l i t y

c l e a r

c l e a r g l o b a l

r h o = 1 . 9 4 ;

g = 3 2 . 2 ;

L = 1 3 . 9 7 9 2 ;

n d 1 = 0 . 5 * r h o * L ^ 2 ;

n d 2 = 0 . 5 * r h o * L ^ 3 ;

n d 3 = 0 . 5 * r h o * L ^ 4 ;

n d 4 = 0 . 5 * r h o * L ^ 5 ;

m = 1 5 5 6 . 2 3 6 3 / ( g * n d 2 ) ;

m d = 1 5 5 6 . 2 3 6 3 / g ;

V = m d / r h o ;

f i g = 1 ;

f o r F n = 0 . 1 : 0 . 2 : 0 . 3 ,

f o r F m = 0 . 4 : 0 . 2 : 0 . 6 ,

F b = 1 - F n - F m ;

d = ( ( 1 2 * V ) . / ( p i * L * ( 3 * F m + 2 * F n + F b ) ) ) . ^ 0 . 5 ;

r = d / 2 ;

V n = ( 2 / 3 * p i * r . ^ 2 * L . * F n ) ;

M n = V n * r h o ;

V m = ( p i * r . ^ 2 . * F m * L ) ;

M m = V m * r h o ;

V b = ( 1 / 3 * p i * r . ^ 2 * L . * F b ) ;

M b = V b * r h o ;

I n = M n . * ( 1 / 5 * ( r . ^ 2 + ( L * F n ) . ^ 2 ) - ( 3 * L * F n / 8 ) . ^ 2 ) ;

I m = M m / 1 2 . * ( 3 * r . ^ 2 + ( L * F m ) . ^ 2 ) ;

I b = M b . * ( 3 / 5 * ( r . ^ 2 / 4 + ( L * F b ) . ^ 2 ) - ( L * F b / 4 ) . ^ 2 ) ;

x c b = p i * d . ^ 2 . * ( 2 * L * F n . * ( L * F m / 2 + 3 * L * F n / 8 ) . . .

- L * F b . * ( L * F b / 4 + L * F m / 2 ) ) / ( 1 2 * V ) ;

L c b = L * ( F n + F m / 2 ) - x c b ;

I y d = I n + I m + I b + ( M n . * ( L c b - 5 * L * F n / 8 ) . ^ 2 ) . . .

+ ( M m . * ( L c b - L * F m / 2 - L * F n ) . ^ 2 ) . . .

+ ( M b . * ( L c b - L * ( F n + F m + F b / 4 ) ) . ^ 2 ) ;
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I y m = I y d / n d 4 ;

% i n p u t s A 1 , A 2 , A 3 , A 4 , A 5 , A 6 , A 7 , A 8 f o r e a c h c o e f f i c i e n t

A 1 = [ - 0 . 0 6 4 1 , 0 . 0 2 7 7 , - 0 . 0 3 1 4 , - 0 . 0 0 0 3 , 0 . 0 0 0 2 , - 0 . 0 0 0 2 , - 0 . 0 0 3 1 ] ;

A 2 = [ - 0 . 1 1 4 9 , 0 . 0 4 9 9 , - 0 . 0 5 5 9 , 0 . 0 0 4 0 , 0 . 0 0 0 7 , - 0 . 0 0 0 7 , - 0 . 0 0 4 6 ] ;

A 3 = [ - 0 . 0 6 3 2 , 0 . 0 2 6 6 , - 0 . 0 2 9 2 , 0 . 0 0 2 7 , 0 . 0 0 0 7 , - 0 . 0 0 0 7 , - 0 . 0 0 2 1 ] ;

A 4 = [ 0 . 0 6 7 0 , - 0 . 0 2 8 3 , 0 . 0 3 1 0 , - 0 . 0 0 1 2 , - 0 . 0 0 0 8 , 0 . 0 0 0 8 , 0 . 0 0 3 1 ] ;

A 5 = [ 0 . 0 7 3 2 , - 0 . 0 3 0 1 , 0 . 0 3 1 6 , - 0 . 0 0 4 5 , - 0 . 0 0 1 6 , 0 . 0 0 1 6 , 0 . 0 0 2 4 ] ;

A 6 = [ - 0 . 0 2 6 3 , - 0 . 0 0 5 6 , - 0 . 0 0 9 1 , 0 . 0 0 0 6 , - 0 . 0 1 4 4 , 0 . 0 1 4 4 , - 0 . 0 0 1 3 ] ;

A 7 = [ - 0 . 5 7 6 9 , - 1 . 6 3 5 7 , - 0 . 0 8 8 0 , - 0 . 1 5 9 0 , - 1 . 8 0 6 7 , 1 . 8 0 6 7 , - 0 . 0 8 0 8 ] ;

% H y d r o d y n a m i c c o e f f i c i e n t p r e d i c t i o n e q u a t i o n

C 1 = 8 . 0 2 3 e - 3 ;

f o r i = 1 : 7 ,

H C m ( i ) = A 1 ( i ) * F n . ^ 2 + A 2 ( i ) * F n . * F m + A 3 ( i ) * F m . ^ 2 + A 4 ( i ) * F n . . .

+ A 5 ( i ) * F m + A 6 ( i ) + A 7 ( i ) * ( V / L ^ 3 - C 1 ) ;

e n d

z q d o t = - 6 . 3 3 e - 4 ;

H C m ( 8 ) = z q d o t ;

r a t i o = [ 0 . 5 6 8 6 , - 1 . 4 3 5 7 , - 0 . 2 6 5 8 , 0 . 2 6 7 5 , 1 . 1 7 8 1 , - 3 0 . 5 1 1 4 , 0 . 8 1 4 9 , 1 . 0 ] ;

H C = H C m . / r a t i o ;

z q d o t = - 6 . 3 3 e - 4 ;

z w d o t = H C ( 5 ) ;

z q = H C ( 3 ) ;

z w = H C ( 1 ) ;

m q d o t = H C ( 7 ) ;

m w d o t = H C ( 6 ) ;

m q = H C ( 4 ) ;

m w = H C ( 2 ) ;

I r a t i o = 0 . 9 2 9 4 3 ;

i y = I y m / I r a t i o ;

c d = 0 . 0 1 5 ;
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z g = 0 . 0 1 5 ;

z b = 0 / L ;

m = 1 5 5 6 . 2 3 6 3 / ( g * n d 2 ) ;

x u d o t = - 0 . 0 5 * m ;

x b = 0 / L ;

x g = l i n s p a c e ( - 0 . 0 1 , 0 . 0 1 , 4 1 ) ;

u o = 8 * l i n s p a c e ( 0 . 2 , . 6 , 4 1 ) ;

G v = 1 - m w . * ( z q + m ) . / ( z w . * ( m q - m . * x g ) ) ;

w = 1 5 5 6 . 2 3 6 3 . / ( n d 1 . * u o . ^ 2 ) ;

b = w ;

x g b = x g - x b ;

z g b = z g - z b ;

t h e t a = a t a n ( - x g b . / z g b ) ;

f o r j = 1 : l e n g t h ( u o )

f o r i = 1 : l e n g t h ( x g )

A = [ - 2 * c d 0 0 0 ;

0 z w ( z q + m ) 0 ;

0 m w ( m q - m * x g ( i ) ) ( x g b ( i ) * s i n ( t h e t a ( i ) ) . . .

- z g b * c o s ( t h e t a ( i ) ) ) * b ( j ) ;

0 0 1 0 ] ;

B = [ m - x u d o t 0 m * z g 0 ;

0 m - z w d o t - ( m * x g ( i ) + z q d o t ) 0 ;

m * z g - ( m w d o t + m * x g ( i ) ) i y - m q d o t 0 ;

0 0 0 1 ] ;

e v a l s 1 = e i g ( A , B ) ; % n o s u r g e c o u p l i n g

d e g s t a b 1 ( i , j ) = m a x ( r e a l ( e v a l s 1 ) ) ;

e n d

e n d

f i g u r e ( f i g )

m e s h ( u o / 8 , x g , d e g s t a b 1 ) , g r i d

x l a b e l ( ' u o ' )
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y l a b e l ( ' x g ' )

z l a b e l ( ' d e g r e e o f s t a b i l i t y ' )

f i g = f i g + 1 ;

e n d

e n d

54



C P R O G R A M H O P F . F O R

C E V A L U A T I O N O F H O P F B I F U R C A T I O N F O R M U L A S

C U S I N G T H E S U B O F F S U B M A R I N E M O D E L

C C d = 0 . 5 , Z G = 0 . 0 1 5 , F n = 0 . 2 4 , F m = 0 . 5 2

I M P L I C I T D O U B L E P R E C I S I O N ( A - H , O - Z )

D O U B L E P R E C I S I O N L , I Y , M A S S , M Q D O T , M W D O T , N D 1 ,

1 M Q , M W , K 1 , K 2 ,

2 B E T A , G A M A ,

3 E 0 , E 1 , E 2 , E 3 , E 4 ,

4 D W 1 , D W 2 , D W 3 , D W 4 ,

5 D Q 1 , D Q 2 , D Q 3 , D Q 4 ,

6 M A S S M , M A S S N , M A S S B , I B , I M , I N ,

7 R H O , C D , R A D I , V O L M , V O L N , V O L B , L C B , X C B

D O U B L E P R E C I S I O N M 1 1 , M 1 2 , M 1 3 , M 2 1 , M 2 2 , M 2 3 ,

1 M 3 1 , M 3 2 , M 3 3 ,

2 N 1 1 , N 1 2 , N 1 3 , N 2 1 , N 2 2 , N 2 3 ,

3 N 3 1 , N 3 2 , N 3 3 ,

4 L 2 1 , L 2 2 , L 2 3 , L 2 4 , L 3 1 , L 3 2 , L 3 3 , L 3 4 ,

5 L 2 5 , L 2 6 , L 2 7 , L 3 5 , L 3 6 , L 3 7 ,

6 L 2 1 A , L 2 2 A , L 2 3 A , L 2 4 A , L 3 1 A ,

7 L 3 2 A , L 3 3 A , L 3 4 A

D O U B L E P R E C I S I O N L N , L M , L B , F M , F N , F B , K K

C

D I M E N S I O N A ( 3 , 3 ) , T ( 3 , 3 ) , T I N V ( 3 , 3 ) , F V 1 ( 3 ) , I V 1 ( 3 ) , Y Y Y ( 3 , 3 )

D I M E N S I O N W R ( 3 ) , W I ( 3 ) , T S A V E ( 3 , 3 ) , T L U D ( 3 , 3 ) , I V L U D ( 3 )

D I M E N S I O N A S A V E ( 3 , 3 ) , A 2 ( 3 , 3 ) , X L ( 5 5 ) , B R ( 5 5 )

D I M E N S I O N V E C 0 ( 5 5 ) , V E C 1 ( 5 5 ) , V E C 2 ( 5 5 ) , V E C 3 ( 5 5 ) , V E C 4 ( 5 5 )

D I M E N S I O N H C A 1 ( 7 ) , H C A 2 ( 7 ) , H C A 3 ( 7 ) , H C A 4 ( 7 ) , H C A 5 ( 7 )

D I M E N S I O N H C A 6 ( 7 ) , H C A 7 ( 7 ) , H C ( 8 ) , R A T I O ( 7 ) , S V L U D ( 3 )

C

O P E N ( 2 0 , F I L E = ' D A T A _ 0 . D A T ' , S T A T U S = ' N E W ' )

C
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W E I G H T = 1 5 5 6 . 2 3 6 3

L = 1 3 . 9 7 9 2

R H O = 1 . 9 4

D O 8 8 8 6 C D 1 = 0 . 4 0 , 0 . 6 0 , 0 . 1 0

C D = 0 . 5 * C D 1 * R H O

G = 3 2 . 2

X B = 0 . 0

D O 8 8 8 7 K K = 0 . 0 0 5 0 , 0 . 0 2 5 0 , 0 . 0 0 5 0

Z G = K K * L

Z B = 0 . 0

M A S S = W E I G H T / G

B O Y = W E I G H T

V O L U M E = M A S S / R H O

D O 8 8 8 8 F N = 0 . 1 0 , 0 . 3 2 , 0 . 1 0

D O 8 8 8 9 F M = 0 . 4 0 , 0 . 6 2 , 0 . 1 0

C W R I T E ( 2 0 , * ) ' C D = ' , C D

C W R I T E ( 2 0 , * ) ' Z G = ' , K K

C W R I T E ( 2 0 , * ) ' F N = ' , F N

C W R I T E ( 2 0 , * ) ' F M = ' , F M

F B = 1 . 0 - F N - F M

L N = L * F N

L M = L * F M

L B = L * F B

D I A M = S Q R T ( ( 1 2 . * V O L U M E )

& / ( 3 . 1 4 1 5 9 * L * ( 3 . * F M + 2 . * F N + F B ) ) )

W R I T E ( * , 4 0 0 1 ) D I A M

R A D I = D I A M / 2 .

V O L N = ( 2 . / 3 . * 3 . 1 4 1 5 9 * R A D I * * 2 . * L * F N )

M A S S N = V O L N * R H O

V O L M = ( 3 . 1 4 1 5 9 * R A D I * * 2 . * F M * L )

M A S S M = V O L M * R H O

V O L B = ( 1 . / 3 . * 3 . 1 4 1 5 9 * R A D I * * 2 . * L * F B )

M A S S B = V O L B * R H O

I N = M A S S N * ( 1 . / 5 . * ( R A D I * * 2 + ( L * F N ) * * 2 )
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& - ( 3 * L * F N / 8 ) * * 2 )

I M = M A S S M / 1 2 . * ( 3 . * R A D I * * 2 . + ( L * F M ) * * 2 )

I B = M A S S B * ( 3 . / 5 . * ( R A D I * * 2 / 4 .

& + ( L * F B ) * * 2 ) - ( L * F B / 4 . ) * * 2 )

X C B = ( 3 . 1 4 1 5 9 * D I A M * * 2 * ( 2 . * L * F N

& * ( L * F M / 2 . + 3 . * L * F N / 8 . )

& - L * F B * ( L * F B / 4 . + L * F M / 2 . ) ) ) / ( 1 2 . * V O L U M E )

W R I T E ( * , 4 0 0 1 ) X C B

L C B = L * ( F N + F M / 2 . ) - X C B

W R I T E ( * , 4 0 0 1 ) L C B

I Y = I N + I M + I B + M A S S N * ( L C B - 5 * L * F N / 8 ) * * 2

& + M A S S M * ( L C B - L * F M / 2 - L * F N ) * * 2

I Y = I Y + M A S S B * ( L C B - L * ( F N + F M + F B / 4 ) ) * * 2

C I n p u t s A 1 , A 2 , A 3 , A 4 , A 5 , A 6 , A 7 , A 8 f o r e a c h c o e f f i c i e n t

H C A 1 ( 1 ) = - 0 . 0 6 4 1

H C A 1 ( 2 ) = 0 . 0 2 7 7

H C A 1 ( 3 ) = - 0 . 0 3 1 4

H C A 1 ( 4 ) = - 0 . 0 0 0 3

H C A 1 ( 5 ) = 0 . 0 0 0 2

H C A 1 ( 6 ) = - 0 . 0 0 0 2

H C A 1 ( 7 ) = - 0 . 0 0 3 1

H C A 2 ( 1 ) = - 0 . 1 1 4 9

H C A 2 ( 2 ) = 0 . 0 4 9 9

H C A 2 ( 3 ) = - 0 . 0 5 5 9

H C A 2 ( 4 ) = 0 . 0 0 4 0

H C A 2 ( 5 ) = 0 . 0 0 0 7

H C A 2 ( 6 ) = - 0 . 0 0 0 7

H C A 2 ( 7 ) = - 0 . 0 0 4 6

H C A 3 ( 1 ) = - 0 . 0 6 3 2

H C A 3 ( 2 ) = 0 . 0 2 6 6

H C A 3 ( 3 ) = - 0 . 0 2 9 2

H C A 3 ( 4 ) = 0 . 0 0 2 7

H C A 3 ( 5 ) = 0 . 0 0 0 7

H C A 3 ( 6 ) = - 0 . 0 0 0 7
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H C A 3 ( 7 ) = - 0 . 0 0 2 1

H C A 4 ( 1 ) = 0 . 0 6 7 0

H C A 4 ( 2 ) = - 0 . 0 2 8 3

H C A 4 ( 3 ) = 0 . 0 3 1 0

H C A 4 ( 4 ) = - 0 . 0 0 1 2

H C A 4 ( 5 ) = - 0 . 0 0 0 8

H C A 4 ( 6 ) = 0 . 0 0 0 8

H C A 4 ( 7 ) = 0 . 0 0 3 1

H C A 5 ( 1 ) = 0 . 0 7 3 2

H C A 5 ( 2 ) = - 0 . 0 3 0 1

H C A 5 ( 3 ) = 0 . 0 3 1 6

H C A 5 ( 4 ) = - 0 . 0 0 4 5

H C A 5 ( 5 ) = - 0 . 0 0 1 6

H C A 5 ( 6 ) = 0 . 0 0 1 6

H C A 5 ( 7 ) = 0 . 0 0 2 4

H C A 6 ( 1 ) = - 0 . 0 2 6 3

H C A 6 ( 2 ) = - 0 . 0 0 5 6

H C A 6 ( 3 ) = - 0 . 0 0 9 1

H C A 6 ( 4 ) = 0 . 0 0 0 6

H C A 6 ( 5 ) = - 0 . 0 1 4 4

H C A 6 ( 6 ) = 0 . 0 1 4 4

H C A 6 ( 7 ) = - 0 . 0 0 1 3

H C A 7 ( 1 ) = - 0 . 5 7 9 6

H C A 7 ( 2 ) = - 1 . 6 3 5 7

H C A 7 ( 3 ) = - 0 . 0 8 8 0

H C A 7 ( 4 ) = - 0 . 1 5 9 0

H C A 7 ( 5 ) = - 1 . 8 0 6 7

H C A 7 ( 6 ) = 1 . 8 0 6 7

H C A 7 ( 7 ) = - 0 . 0 8 0 8

C H y d r o d y n a m i c c o e f f i c i e n t p r e d i c t i o n e q u a t i o n

C

C 1 = 8 . 0 2 3 E - 0 3

R A T I O ( 1 ) = 0 . 5 6 8 6

R A T I O ( 2 ) = - 1 . 4 3 5 7

R A T I O ( 3 ) = - 0 . 2 6 5 8
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R A T I O ( 4 ) = 0 . 2 6 7 5

R A T I O ( 5 ) = 1 . 1 7 8 1

R A T I O ( 6 ) = - 3 0 . 5 1 1 4

R A T I O ( 7 ) = 0 . 8 1 4 9

D O 5 0 0 0 I = 1 , 7

H C ( I ) = ( H C A 1 ( I ) * F N * * 2 + H C A 2 ( I ) * F N * F M

& + H C A 3 ( I ) * F M * * 2 + H C A 4 ( I ) * F N

& + H C A 5 ( I ) * F M + H C A 6 ( I )

& + H C A 7 ( I ) * ( V O L U M E / ( L * L * L ) - C 1 ) ) / R A T I O ( I )

5 0 0 0 C O N T I N U E

H C ( 8 ) = - 6 . 3 3 E - 0 4

Z Q D O T = - 6 . 3 3 E - 0 4 * 0 . 5 * R H O * L * * 4

H C ( 8 ) = Z Q D O T

Z W D O T = H C ( 5 ) * 0 . 5 * R H O * L * * 3

Z Q = H C ( 3 ) * 0 . 5 * R H O * L * * 3

Z W = H C ( 1 ) * 0 . 5 * R H O * L * * 2

M Q D O T = H C ( 7 ) * 0 . 5 * R H O * L * * 5

M W D O T = H C ( 6 ) * 0 . 5 * R H O * L * * 4

M Q = H C ( 4 ) * 0 . 5 * R H O * L * * 4

M W = H C ( 2 ) * 0 . 5 * R H O * L * * 3

R A T I O 1 = 0 . 9 2 9 4 3

I Y = I Y / R A T I O 1

W R I T E ( * , 4 0 0 1 ) I Y

N D 1 = 0 . 5 * R H O * L * * 2

Z G B = Z G - Z B

C

C D E F I N E T H E L E N G T H X A N D B R E A D T H B T E R M S F O R T H E I N T E G R A T I O N

C

D O 3 3 3 I = 0 , 2 1

X L ( I + 1 ) = I * L B / 2 1 . 0

B R ( I + 1 ) = D I A M * X L ( I + 1 ) / L B

3 3 3 C O N T I N U E

59



D O 3 3 4 I = 1 , 2

X L ( 2 2 + I ) = L B + I * L M / 2 . 0

B R ( 2 2 + I ) = D I A M

3 3 4 C O N T I N U E

D O 3 3 5 I = 1 , 3 0

c W R I T E ( * , * ) I

X L ( I + 2 4 ) = X L ( I + 2 3 ) + 1 . / 4 . * ( L - X L ( I + 2 3 ) )

I F ( ( ( X L ( I + 2 4 ) - L B - L M ) * * 2 / ( L N * * 2 ) ) . G T . 1 . 0 ) T H E N

B R ( I + 2 4 ) = 0 . 0

E L S E

B R ( I + 2 4 ) = D I A M * S Q R T ( 1 . 0 - ( ( X L ( I + 2 4 ) - L B - L M ) * * 2 / ( L N * * 2 ) ) )

E N D I F

3 3 5 C O N T I N U E

X L ( 5 5 ) = L

B R ( 5 5 ) = 0

D O 1 0 2 N = 1 , 5 5

X L ( N ) = X L ( N ) - L + L C B

1 0 2 C O N T I N U E

W R I T E ( 2 0 , 7 0 0 1 ) X L

W R I T E ( 2 0 , 7 0 0 1 ) B R

C

D O 1 0 4 K = 1 , 5 5

V E C 0 ( K ) = B R ( K )

V E C 1 ( K ) = X L ( K ) * B R ( K )

V E C 2 ( K ) = X L ( K ) * X L ( K ) * B R ( K )

V E C 3 ( K ) = X L ( K ) * X L ( K ) * X L ( K ) * B R ( K )

V E C 4 ( K ) = X L ( K ) * X L ( K ) * X L ( K ) * X L ( K ) * B R ( K )

1 0 4 C O N T I N U E

C A L L T R A P ( 5 5 , V E C 0 , X L , E 0 )

C A L L T R A P ( 5 5 , V E C 1 , X L , E 1 )

C A L L T R A P ( 5 5 , V E C 2 , X L , E 2 )

C A L L T R A P ( 5 5 , V E C 3 , X L , E 3 )

C A L L T R A P ( 5 5 , V E C 4 , X L , E 4 )

E P S I L O N = 0 . 0 0 1
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X G M I N = - 0 . 0 1

X G M A X = + 0 . 0 1

I X G = 8 0

X G M I N = X G M I N * L

X G M A X = X G M A X * L

C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

D O 1 I T = 1 , I X G

C W R I T E ( * , 3 0 0 1 ) I T , I X G

X G = X G M I N + ( X G M A X - X G M I N ) * ( I T - 1 ) / ( I X G - 1 )

X G B = X G - X B

D V = ( M A S S - Z W D O T ) * ( I Y - M Q D O T )

& - ( M A S S * X G + Z Q D O T ) * ( M A S S * X G + M W D O T )

C D 6 = C D / ( 3 . D 0 * E P S I L O N * D V )

D W 1 = C D 6 * ( ( I Y - M Q D O T ) * ( - E 0 ) + ( M A S S * X G + Z Q D O T ) * E 1 )

D W 2 = C D 6 * ( ( I Y - M Q D O T ) * ( 3 * E 1 ) - ( M A S S * X G + Z Q D O T ) * 3 * E 2 )

D W 3 = C D 6 * ( ( I Y - M Q D O T ) * ( - 3 * E 2 ) + ( M A S S * X G + Z Q D O T ) * 3 * E 3 )

D W 4 = C D 6 * ( ( I Y - M Q D O T ) * ( E 3 ) - ( M A S S * X G + Z Q D O T ) * E 4 )

D Q 1 = C D 6 * ( ( M A S S - Z W D O T ) * ( E 1 ) + ( M A S S * X G + M W D O T ) * ( - E 0 ) )

D Q 2 = C D 6 * ( ( M A S S - Z W D O T ) * ( - 3 * E 2 ) + ( M A S S * X G + M W D O T ) * ( 3 * E 1 ) )

D Q 3 = C D 6 * ( ( M A S S - Z W D O T ) * ( 3 * E 3 ) + ( M A S S * X G + M W D O T ) * ( - 3 * E 2 ) )

D Q 4 = C D 6 * ( ( M A S S - Z W D O T ) * ( - E 4 ) + ( M A S S * X G + M W D O T ) * ( E 3 ) )

T H E T A 0 = A T A N ( - X G B / Z G B )

A A 0 = ( M A S S - Z W D O T ) * ( I Y - M Q D O T )

& - ( M W D O T + M A S S * X G ) * ( Z Q D O T + M A S S * X G )

B B 0 = ( - Z W D O T * M A S S - M A S S * M W - Z Q * M A S S ) * X G

& + ( - M A S S * M Q + Z W D O T * M Q - Z Q D O T * M W

& - Z Q * M W D O T - M A S S * M W D O T - I Y * Z W + M Q D O T * Z W )

C C 0 = - M A S S * Z W * X G + M Q * Z W - Z Q * M W - M A S S * M W

C C 1 = ( - M A S S * X G + Z W D O T * X G + M A S S * X B - Z W D O T * X B ) * S I N ( T H E T A 0 )

& + ( - M A S S * Z B - Z W D O T * Z G + Z W D O T * Z B + M A S S * Z G ) * C O S ( T H E T A 0 )

D D 1 = ( Z W * X G - Z W * X B ) * S I N ( T H E T A 0 ) + ( Z W * Z B - Z W * Z G )

& * C O S ( T H E T A 0 )

C A f t e r a p p l y i n g A D = B C ( R o u t h C r i t e r i o n ) , w e m a n a g e t o c a l c u l a t e
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C t h e c r i t i c a l s p e e d U O .

W E I = B B 0 * C C 0 / ( A A 0 * D D 1 - B B 0 * C C 1 )

U 0 = D S Q R T ( 1 5 5 6 . 2 3 6 3 / W E I )

U = U 0

W R I T E ( * , * ) U / 8 . 0 , X G / L

C

C D E T E R M I N E [ A ] A N D [ B ] C O E F F I C I E N T S

C

A 1 1 D V = ( I Y - M Q D O T ) * Z W + ( M A S S * X G + Z Q D O T ) * M W

A 1 2 D V = ( I Y - M Q D O T ) * ( M A S S + Z Q ) + ( M A S S * X G + Z Q D O T ) * ( M Q - M A S S * X G )

A 1 3 D V = - ( M A S S * X G + Z Q D O T ) * W E I G H T

A 2 1 D V = ( M A S S - Z W D O T ) * M W + ( M A S S * X G + M W D O T ) * Z W

A 2 2 D V = ( M A S S - Z W D O T ) * ( M Q - M A S S * X G ) + ( M A S S * X G + M W D O T ) * ( M A S S + Z Q )

A 2 3 D V = - ( M A S S - Z W D O T ) * W E I G H T

C

A 1 1 = A 1 1 D V / D V

A 1 2 = A 1 2 D V / D V

A 1 3 = A 1 3 D V / D V

A 2 1 = A 2 1 D V / D V

A 2 2 = A 2 2 D V / D V

A 2 3 = A 2 3 D V / D V

C

C 1 1 D V = ( I Y - M Q D O T ) * M A S S * Z G

C 1 2 D V = - ( M A S S * X G + Z Q D O T ) * M A S S * Z G

C 2 1 D V = - ( M A S S - Z W D O T ) * M A S S * Z G

C 2 2 D V = ( M A S S * X G + M W D O T ) * M A S S * Z G

C

C 1 1 = C 1 1 D V / D V

C 1 2 = C 1 2 D V / D V

C 2 1 = C 2 1 D V / D V

C 2 2 = C 2 2 D V / D V

C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

C E V A L U A T E T R A N S F O R M A T I O N M A T R I X O F E I G E N V E C T O R S

C

K 1 = - ( X G B * S I N ( T H E T A 0 ) - Z G B * C O S ( T H E T A 0 ) )
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K 2 = - ( 1 . / 6 . ) * ( Z G B * C O S ( T H E T A 0 ) - X G B * S I N ( T H E T A 0 ) )

C

A ( 1 , 1 ) = 0 . 0

A ( 1 , 2 ) = 0 . 0

A ( 1 , 3 ) = 1 . 0

A ( 2 , 1 ) = A 1 3 * K 1

A ( 2 , 2 ) = A 1 1 * U

A ( 2 , 3 ) = A 1 2 * U

A ( 3 , 1 ) = A 2 3 * K 1

A ( 3 , 2 ) = A 2 1 * U

A ( 3 , 3 ) = A 2 2 * U

D O 1 1 I = 1 , 3

D O 1 2 J = 1 , 3

A S A V E ( I , J ) = A ( I , J )

1 2 C O N T I N U E

1 1 C O N T I N U E

C A L L R G ( 3 , 3 , A , W R , W I , 1 , Y Y Y , I V 1 , F V 1 , I E R R )

C A L L D S O M E G ( I E V , W R , W I , O M E G A , C H E C K )

C W R I T E ( * , * ) I E V

C W R I T E ( * , * ) ( W R ( I W R ) , I W R = 1 , 3 )

C W R I T E ( * , * ) ( W I ( I W I ) , I W I = 1 , 3 )

O M E G A 0 = O M E G A

D O 5 I = 1 , 3

T ( I , 1 ) = Y Y Y ( I , I E V )

T ( I , 2 ) = - Y Y Y ( I , I E V + 1 )

5 C O N T I N U E

I F ( I E V . E Q . 1 ) G O T O 1 3

I F ( I E V . E Q . 2 ) G O T O 1 4

S T O P 3 0 0 4

1 4 D O 6 I = 1 , 3

T ( I , 3 ) = Y Y Y ( I , 1 )

6 C O N T I N U E

G O T O 1 7

1 3 D O 1 6 I = 1 , 3

T ( I , 3 ) = Y Y Y ( I , 3 )

1 6 C O N T I N U E
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1 7 C O N T I N U E

C

C N O R M A L I Z A T I O N O F T H E C R I T I C A L E I G E N V E C T O R

C

I N O R M = 1

I F ( I N O R M . N E . 0 ) C A L L N O R M A L ( T )

C

C I N V E R T T R A N S F O R M A T I O N M A T R I X

C

D O 2 I = 1 , 3

D O 3 J = 1 , 3

T I N V ( I , J ) = 0 . 0

T S A V E ( I , J ) = T ( I , J )

3 C O N T I N U E

2 C O N T I N U E

C A L L D L U D ( 3 , 3 , T S A V E , 3 , T L U D , I V L U D )

D O 4 I = 1 , 3

I F ( I V L U D ( I ) . E Q . 0 ) S T O P 3 0 0 3

4 C O N T I N U E

C A L L D I L U ( 3 , 3 , T L U D , I V L U D , S V L U D )

D O 8 I = 1 , 3

D O 9 J = 1 , 3

T I N V ( I , J ) = T L U D ( I , J )

9 C O N T I N U E

8 C O N T I N U E

C

C C H E C K I n v ( T ) * A * T

C

I M U L T = 1

I F ( I M U L T . E Q . 1 ) C A L L M U L T ( T I N V , A S A V E , T , A 2 )

I F ( I M U L T . E Q . 0 ) S T O P

P = A 2 ( 3 , 3 )

P E I G = P

C W R I T E ( * , 4 0 0 1 ) ( A 2 ( 1 , J A 2 ) , J A 2 = 1 , 3 )

C W R I T E ( * , 4 0 0 1 ) ( A 2 ( 2 , J A 2 ) , J A 2 = 1 , 3 )

C W R I T E ( * , 4 0 0 1 ) ( A 2 ( 3 , J A 2 ) , J A 2 = 1 , 3 )
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C P A U S E

C

C D E F I N I T I O N O F N i j

C

N 1 1 = T I N V ( 1 , 1 )

N 2 1 = T I N V ( 2 , 1 )

N 3 1 = T I N V ( 3 , 1 )

N 1 2 = T I N V ( 1 , 2 )

N 2 2 = T I N V ( 2 , 2 )

N 3 2 = T I N V ( 3 , 2 )

N 1 3 = T I N V ( 1 , 3 )

N 2 3 = T I N V ( 2 , 3 )

N 3 3 = T I N V ( 3 , 3 )

C

C D E F I N I T I O N O F M i j

C

M 1 1 = T ( 1 , 1 )

M 2 1 = T ( 2 , 1 )

M 3 1 = T ( 3 , 1 )

M 1 2 = T ( 1 , 2 )

M 2 2 = T ( 2 , 2 )

M 3 2 = T ( 3 , 2 )

M 1 3 = T ( 1 , 3 )

M 2 3 = T ( 2 , 3 )

M 3 3 = T ( 3 , 3 )

C

C D E F I N I T I O N O F L i j

C

L 2 5 = C 1 1 * M 3 1 * M 3 1 + C 1 2 * M 2 1 * M 3 1

L 2 6 = 2 * C 1 1 * M 3 1 * M 3 2 + C 1 2 * ( M 2 1 * M 3 2 + M 2 2 * M 3 1 )

L 2 7 = C 1 1 * M 3 2 * M 3 2 + C 1 2 * M 2 2 * M 3 3

L 3 5 = C 2 2 * M 3 1 * M 3 1 + C 2 1 * M 2 1 * M 3 1

L 3 6 = 2 * C 2 2 * M 3 1 * M 3 2 + C 2 1 * ( M 2 1 * M 3 2 + M 2 2 * M 3 1 )

L 3 7 = C 2 2 * M 3 2 * M 3 2 + C 2 1 * M 3 3 * M 2 2

C

C D E F I N I T I O N O F A L F A , B E T A , G A M A
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C

D 1 = N 3 2 * L 2 5 + N 3 3 * L 3 5

D 2 = N 3 2 * L 2 6 + N 3 3 * L 3 6

D 3 = N 3 2 * L 2 7 + N 3 3 * L 3 7

C

D 1 1 = - P

D 1 2 = O M E G A 0

D 2 1 = - 2 * O M E G A 0

D 2 2 = - P

D 2 3 = 2 * O M E G A 0

D 3 2 = - O M E G A 0

D 3 3 = - P

C

B E T A = ( D 2 - D 2 1 * D 1 / D 1 1 - D 2 3 * D 3 / D 3 3 )

& / ( D 2 2 - D 2 1 * D 1 2 / D 1 1 - D 2 3 * D 3 2 / D 3 3 )

A L F A = ( D 1 - D 1 2 * B E T A ) / D 1 1

G A M A = ( D 3 - D 3 2 * B E T A ) / D 3 3

C

L 2 1 A = 2 * C 1 1 * A L F A * M 3 1 * M 3 3 + C 1 2 * A L F A

& * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

C

L 2 2 A = 2 * C 1 1 * A L F A * M 3 2 * M 3 3 + 2 * C 1 1 * B E T A * M 3 1 * M 3 3

& + C 1 2 * A L F A * ( M 2 2 * M 3 3 + M 3 2 * M 2 3 )

& + C 1 2 * B E T A * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

C

L 2 3 A = 2 * C 1 1 * G A M A * M 3 1 * M 3 3 + 2 * C 1 1 * B E T A * M 3 2 * M 3 3

& + C 1 2 * G A M A * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

& + C 1 2 * B E T A * ( M 2 2 * M 3 3 + M 2 3 * M 3 2 )

C

L 2 4 A = 2 * C 1 1 * G A M A * M 3 2 * M 3 3 + C 1 2 * G A M A

& * ( M 2 2 * M 3 3 + M 2 3 * M 3 2 )

C

L 3 1 A = 2 * C 2 2 * A L F A * M 3 1 * M 3 3 + C 2 1 * A L F A

& * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

C

L 3 2 A = 2 * C 2 2 * A L F A * M 3 2 * M 3 3 + 2 * C 2 2 * B E T A * M 3 1 * M 3 3
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& + C 2 1 * A L F A * ( M 2 2 * M 3 3 + M 3 2 * M 2 3 )

& + C 2 1 * B E T A * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

C

L 3 3 A = 2 * C 2 2 * G A M A * M 3 1 * M 3 3 + 2 * C 2 2 * B E T A * M 3 2 * M 3 3

& + C 2 1 * G A M A * ( M 2 1 * M 3 3 + M 2 3 * M 3 1 )

& + C 2 1 * B E T A * ( M 2 2 * M 3 3 + M 2 3 * M 3 2 )

C

L 3 4 A = 2 * C 2 2 * G A M A * M 3 2 * M 3 3 + C 2 1 * G A M A

& * ( M 2 2 * M 3 3 + M 2 3 * M 3 2 )

C

L 2 1 = L 2 1 A + A 1 3 * K 2 * M 1 1 * * 3 + D W 1 * M 2 1 * * 3

& + D W 2 * M 3 1 * M 2 1 * * 2

& + D W 3 * M 2 1 * M 3 1 * * 2 + D W 4 * M 3 1 * * 3

L 2 2 = L 2 2 A + 3 * A 1 3 * K 2 * M 1 2 * M 1 1 * * 2 + 3 * D W 1 * M 2 2 * M 2 1 * * 2

& + D W 2 * ( 2 * M 2 1 * M 2 2 * M 3 1 + M 3 2 * M 2 1 * * 2 )

& + D W 3 * ( 2 * M 2 1 * M 3 1 * M 3 2 + M 2 2 * M 3 1 * * 2 )

& + 3 * D W 4 * M 3 2 * M 3 1 * * 2

L 2 3 = L 2 3 A + 3 * A 1 3 * K 2 * M 1 1 * M 1 2 * * 2 + 3 * D W 1 * M 2 1 * M 2 2 * * 2

& + D W 2 * ( M 3 1 * M 2 2 * * 2 + 2 * M 2 1 * M 2 2 * M 3 2 )

& + D W 3 * ( M 2 1 * M 3 2 * * 2 + 2 * M 2 2 * M 3 1 * M 3 2 )

& + 3 * D W 4 * M 3 1 * M 3 2 * * 2

L 2 4 = L 2 4 A + A 1 3 * K 2 * M 1 2 * * 3 + D W 1 * M 2 2 * * 3

& + D W 2 * M 3 2 * M 2 2 * * 2

& + D W 3 * M 2 2 * M 3 2 * * 2 + D W 4 * M 3 2 * * 3

L 3 1 = L 3 1 A + A 2 3 * K 2 * M 1 1 * * 3 + D Q 1 * M 2 1 * * 3

& + D Q 2 * M 3 1 * M 2 1 * * 2

& + D Q 3 * M 2 1 * M 3 1 * * 2 + D Q 4 * M 3 1 * * 3

L 3 2 = L 3 2 A + 3 * A 2 3 * K 2 * M 1 2 * M 1 1 * * 2 + 3 * D Q 1 * M 2 2 * M 2 1 * * 2

& + D Q 2 * ( 2 * M 2 1 * M 2 2 * M 3 1 + M 3 2 * M 2 1 * * 2 )

& + D Q 3 * ( 2 * M 2 1 * M 3 1 * M 3 2 + M 2 2 * M 3 1 * * 2 )

& + 3 * D Q 4 * M 3 2 * M 3 1 * * 2

L 3 3 = L 3 3 A + 3 * A 2 3 * K 2 * M 1 1 * M 1 2 * * 2 + 3 * D Q 1 * M 2 1 * M 2 2 * * 2

& + D Q 2 * ( M 3 1 * M 2 2 * * 2 + 2 * M 2 1 * M 2 2 * M 3 2 )

& + D Q 3 * ( M 2 1 * M 3 2 * * 2 + 2 * M 2 2 * M 3 1 * M 3 2 )

& + 3 * D Q 4 * M 3 1 * M 3 2 * * 2

L 3 4 = L 3 4 A + A 2 3 * K 2 * M 1 2 * * 3 + D Q 1 * M 2 2 * * 3
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& + D Q 2 * M 3 2 * M 2 2 * * 2

& + D Q 3 * M 2 2 * M 3 2 * * 2 + D Q 4 * M 3 2 * * 3

C

R 1 1 = N 1 2 * L 2 1 + N 1 3 * L 3 1

R 1 2 = N 1 2 * L 2 2 + N 1 3 * L 3 2

R 1 3 = N 1 2 * L 2 3 + N 1 3 * L 3 3

R 1 4 = N 1 2 * L 2 4 + N 1 3 * L 3 4

R 2 1 = N 2 2 * L 2 1 + N 2 3 * L 3 1

R 2 2 = N 2 2 * L 2 2 + N 2 3 * L 3 2

R 2 3 = N 2 2 * L 2 3 + N 2 3 * L 3 3

R 2 4 = N 2 2 * L 2 4 + N 2 3 * L 3 4

C

C E V A L U A T E D A L P H A A N D D O M E G A

C

U I N C = 0 . 0 0 1

U R = U + U I N C

U L = U - U I N C

U = U R

C

A ( 1 , 1 ) = 0 . 0

A ( 1 , 2 ) = 0 . 0

A ( 1 , 3 ) = 1 . 0

A ( 2 , 1 ) = A 1 3 * K 1

A ( 2 , 2 ) = A 1 1 * U

A ( 2 , 3 ) = A 1 2 * U

A ( 3 , 1 ) = A 2 3 * K 1

A ( 3 , 2 ) = A 2 1 * U

A ( 3 , 3 ) = A 2 2 * U

C

C A L L R G ( 3 , 3 , A , W R , W I , 0 , Y Y Y , I V 1 , F V 1 , I E R R )

C A L L D S T A B L ( D E O S , W R , W I , F R E Q )

A L P H R = D E O S

O M E G R = F R E Q

C

U = U L

C
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A ( 1 , 1 ) = 0 . 0

A ( 1 , 2 ) = 0 . 0

A ( 1 , 3 ) = 1 . 0

A ( 2 , 1 ) = A 1 3 * K 1

A ( 2 , 2 ) = A 1 1 * U

A ( 2 , 3 ) = A 1 2 * U

A ( 3 , 1 ) = A 2 3 * K 1

A ( 3 , 2 ) = A 2 1 * U

A ( 3 , 3 ) = A 2 2 * U

C

C A L L R G ( 3 , 3 , A , W R , W I , 0 , Y Y Y , I V 1 , F V 1 , I E R R )

C A L L D S T A B L ( D E O S , W R , W I , F R E Q )

A L P H L = D E O S

O M E G L = F R E Q

C

D A L P H A = ( A L P H R - A L P H L ) / ( U R - U L )

D O M E G A = ( O M E G R - O M E G L ) / ( U R - U L )

C

C E V A L U A T I O N O F H O P F B I F U R C A T I O N C O E F F I C I E N T S

C

C O E F 1 = 3 . 0 * R 1 1 + R 1 3 + R 2 2 + 3 . 0 * R 2 4

C O E F 2 = 3 . 0 * R 2 1 + R 2 3 - R 1 2 - 3 . 0 * R 1 4

A M U 2 = - C O E F 1 / ( 8 . 0 * D A L P H A )

B E T A 2 = 0 . 2 5 * C O E F 1

C T A U 2 = - ( C O E F 2 - D O M E G A * C O E F 1 / D A L P H A ) / ( 8 . 0 * O M E G A 0 )

C P E R = 2 . 0 * 3 . 1 4 1 5 9 2 7 / O M E G A 0

C P E R = P E R * U / L

C W R I T E ( 2 0 , 2 0 0 1 ) X C B

W R I T E ( 2 0 , 2 0 0 1 ) X G / L , C O E F 1

1 C O N T I N U E

8 8 8 9 C O N T I N U E

8 8 8 8 C O N T I N U E

8 8 8 7 C O N T I N U E

8 8 8 6 C O N T I N U E

S T O P

1 0 0 1 F O R M A T ( ' E N T E R N U M B E R O F D A T A L I N E S ' )
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1 0 0 2 F O R M A T ( ' E N T E R U 0 , Z G , A N D D S A T ' )

1 0 0 3 F O R M A T ( ' E N T E R B O W P L A N E T O S T E R N P L A N E R A T I O ' )

1 0 0 4 F O R M A T ( ' E N T E R Z G ' )

2 0 0 1 F O R M A T ( 2 E 1 4 . 5 )

4 0 0 1 F O R M A T ( 1 F 1 5 . 5 )

7 0 0 1 F O R M A T ( 6 F 1 5 . 5 )

3 0 0 1 F O R M A T ( 2 I 5 )

E N D
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